ABSTRACT This study aimed to evaluate the parameters that influence the water absorption and drip of chicken carcasses due to the processing and precooling of the meat in an industrial chiller. A total of 1,179 chickens were sampled during industrial processing to evaluate the influence of variables, validate the parameters, and conduct histological analysis. The best parameters for guaranteeing absorption levels and drip tests within acceptable limits on chicken carcasses were total residence time of 60 min (in the pre-chiller, chiller 1, and chiller 2); air pressure of chillers at 0.5 bar; the abdominal opening of carcasses at a maximum of 2 cm. These parameters did not influence the protein content, moisture/protein ratio, pH, or lipid content. The validation of the parameters and the histological analysis performed after each cooling stage showed that the most significant structural changes occurred in the pre-chiller, where the temperature of carcasses and water was higher, which contributes to greater absorption.
INTRODUCTION
The cooling process of carcasses is a requirement of international legislation. It preserves the quality of meat products, since at low temperatures, the rates of biochemical and microbiological reactions are reduced, maintaining or extending the shelf life of products (Savell et al., 2005; Carciofi and Laurindo, 2010) . The cooling of poultry carcasses by immersion has a relatively low cost and is widely used in South and North America, while European processing industries often use forced cold air (Carciofi and Laurindo, 2010; Demorik et al., 2013) .
During the immersion process, the carcasses are dipped in a mixture of ice and water in a semicylindrical tank with an internal helix that moves slowly, promoting the displacement of the carcasses. The carcasses enter with a temperature of approximately 40
• C at one end (pre-chiller) and must exit at the opposite end (end chiller) with a maximum temperature of 7
• C in the center of the chicken breast, or 10 • C for carcasses intended for immediate freezing (Bressan C and Beraquet, 2004) . A pre-chiller is necessary for washing the carcasses, where the water temperature should be below 16
• C and water exchange must be at least 1.5 L per carcass. The maximum time a carcass can spend in this stage is 30 min. Within the second tank (chiller) the water temperature should be below 4
• C, with a water renewal of at least 1 L per carcass (Brazil, 1998) . These regulations are specific to Brazil but similar regulations exist in other countries.
During the immersion process, carcasses absorb water, which enters primarily through the intercellular spaces that increase during the establishment of rigor mortis (Dufour and Renou, 2002) . Water absorption is temperature and time dependent and is regulated in industries under federal inspection. Control of the water absorption rate is performed through 2 official methods: the internal control method, which is carried out on an industrial level and evaluates the water absorbed during the pre-cooling stage of immersion; the drip test, which quantifies the water from the thawing of frozen carcasses. The results are expressed as a percentage of the total weight of the carcass, with a maximum limit of 8 and 6% to water absorption and drip test, respectively (Brazil, 1998 (Brazil, , 1999 Garnica et al., 2014) . In addition, chilled and frozen chicken cuts should be analyzed for their humidity (%), protein (%), and humidity/protein ratio for breast, thighs, and drumsticks (Brazil, 2010) .
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Considering the number of variables that influence the absorption of water by the chicken cuts and carcasses during pre-cooling by immersion, there is great concern of the companies for achieving control and standardization of the production process, in order to prevent deviations that could affect the reliability of the company and its products. Excess water is not necessarily the result of fraudulent practice, but rather can be due to improper adjustment of technological variables that guide the process. Thus, it is extremely important to understand which variables influence the process of water absorption by the carcasses during the precooling step in the chiller, in order to obtain benefits for the industry without violating the limits permitted by law or letting down the final consumer.
There are few studies regarding the variables that affect the process of absorption of water by carcasses during the cooling step in chillers (Young and Smith, 2004; Savell et al., 2005; James et al., 2006; Laurindo, 2007, 2010; Huezo et al., 2007; Jeong et al., 2011; Brizio et al., 2012; Demirok et al., 2013; Paolazzi et al., 2013) . In the evaluated studies, the use of the re-chiller system as a cooling method of water from immersion tanks has not been verified. This system provides superior temperature control compared to other cooling methods commonly used, thus providing greater stability of temperature in high-speed production lines. The application of histological techniques to verify the water-absorbing mechanism and the alterations in the muscle structure of chicken meat during the different stages of the carcass cooling system (prechiller and chiller) was also not found in the literature. In this context, the aim of this study was to evaluate the effects of the main variables related to the processing of chicken meat on the water absorption mechanism for chicken cuts and carcasses during the pre-cooling step in an industrial chiller.
MATERIAL AND METHODS

Experimental Design
This study was conducted in a poultry slaughterhouse with a slaughtering capacity of approximately 720,000 birds/d. The pre-cooling process of poultry carcasses on the evaluated slaughter line was comprised of 3 chillers in series. The first module (pre-chiller) was 6 m in length, the second module (chiller 1) was 8 m, and the third module (chiller 2) was 8 m, all with a diameter of 3 m. The speed of each module of the pre-cooling system (pre-chiller, chiller 1, and chiller 2) ranged from 20 to 60 Hz in each module. This speed equated to a residence time of 10 to 30 min in each module.
Initially, mapping of the slaughter process was performed to define the main variables to be studied in the process of water absorption by the chicken carcasses during pre-cooling by immersion. Based on the mapping, 12 variables were defined: lineage; sex; carcass weight (g); scalding temperature (
• C); defects in carcass; initial carcass temperature (
• C); water temperature in the pre-chiller, chiller 1, and chiller 2 (
• C); total time spent in the pre-cooling system (min); air injection in the chiller (bar); integrity of the chicken breast.
We collected 720 chicken carcasses to evaluate the current levels of water absorption. In order to evaluate the effect of breast quality on the water absorption process, 360 samples were collected-180 carcasses with intact breast and 180 carcasses with breast presenting protein denaturation (white in color and hardened, caused by the temperature and time of scalding). Samples were collected randomly during a period of approximately 2 mo, including different days and production schedules. All carcasses were individually weighed before the pre-chiller (after scalding and evisceration) and after chiller 2. They were also checked for defects such as abdominal openings, water bubbles, dislocated legs, or torn skin, and the initial and final temperature of the center of the breast muscle were measured.
Based on the previous test, a 2 3 central composite design was used, with 30 carcasses in each test. The independent variables of the study were the residence time in the pre-chiller, chiller 1, and chiller 2 (50 to 70 min), air injection pressure (0 to 1 bar), and abdominal opening (0 to 4 cm). The other previously assessed variables were kept fixed: carcass weights from 1,000 to 1,100 g; slaughtering speed of 12,500 birds/h; scalding temperature of 52 ± 1 and 62 ± 1
• C (in tanks 1 and 2, respectively); temperature of carcasses at the entrance of the pre-cooling system of 35 ± 3
• C; water temperature in the pre-chiller of 6 ± 1
• C; water temperature in chillers of 2 ± 1 and 1 ± 1
• C (in chillers 1 and 2, respectively); dripping time from 1.3 to 2.3 min; integrity of carcasses. The size of the abdominal opening (cm) was considered as 0 cm if the cavity was the normal size required for evisceration.
The dependent variables were water absorption, drip test, moisture, protein, humidity/protein ratio, lipids, pH, and water activity (Aw).
The values of the maximized parameters in the experimental design for water absorption, drip, and residence time in the pre-cooling system were used to validate the results. Five assays were performed on different days, consisting of 30 carcasses for each test, which were randomly collected during routine processing of chickens. Three carcasses were also collected after each chiller and approximately 100 g of pectoral muscle from each carcass was separated before storing the carcasses at -12
• C for subsequent histological analysis.
Analytical Determinations
Water Absorption The percentage of absorption was measured as the ratio between the weight of the carcass before the pre-cooling system and the weight of the carcass after passing through chiller 2 and the rotating screen and drip to remove excess water (Brazil, 1998) .
Drip Test For the drip test, carcasses were collected in the outlet of the freezing tunnel and were maintained at a temperature of -12
• C until the time of analysis. The test was carried out by determining the amount of defrosted water that dripped from the carcass, under controlled conditions of substrates subjected to the precooling by immersion (Brazil, 1998; Santos et al., 2013; Garnica et al., 2014) .
Physicochemical Analysis In order to take physicochemical measurements, the chicken carcasses were deboned, triturated, and homogenized. To determine the total water content contained in the sample, sections were prepared as described by Normative Instruction No. 08/2009 (Brazil, 2009 ). The moisture content was determined by the gravimetric method described by AOAC (2007) and the analytical standards of the Instituto Adolfo Lutz (2005) . The results were expressed in g moisture/100 g sample. The nitrogen content and the protein content were determined by the combustion method, the Dumas Method (AOAC, 2007) , with results expressed as g protein/100 g sample. The moisture/protein ratio (%) was also obtained. The total lipid content was determined by the Soxhlet method and extracting with hot solvent (AOAC, 2007) , with the results expressed in g lipid/100 g sample. The pH was determined by a direct reading of the sample in a digital potentiometer, previously calibrated. The water activity (Aw) was determined by a direct reading of the sample at a temperature of approximately 20
• C using the technique of determining the dew point, with internal temperature control of the sample.
Histological Analysis For the histological analysis, tissue samples were fixed in 10% formalin and subjected to routine histological techniques, including the steps of gradual dehydration, diaphanization, infiltration, and embedment in paraffin samples. From each paraffin block, histological sections of 4 μm thickness were obtained from each group for subsequent staining with hematoxylin-eosin (Junqueira and Carneiro, 2013) . The histological sections were analyzed using a microscope (Lambda LQT -3), and the images were photographed in MoticImages Plus 2.0 software. The histological field of each slide was evaluated using 10 × 10 magnification.
Statistical Analysis
The quantitative and qualitative variables that influence the absorption of water by the carcasses were evaluated using principal components analysis. The effect of protein denaturation of chicken breasts and the presence of defects on carcasses on water absorption was evaluated by a Student t test, and the different types of defects were evaluated by a Tukey test. The variables of the slaughter process and pre-cooling of carcasses (abdominal opening, residence time and air injection pressure) were statistically treated according to the experimental design methodology. All analyses were conducted with a significance level of 95% and performed using the software Statistica 5.0 (StatSoftInc R ). Figure 1 illustrates the main components that were found to affect the process of water absorption by poultry carcasses. The principal component analysis explained 41.22% of the total variability in the data. It was observed that in carcasses with high absorption, carcass defects, residence time in the pre-cooling stage, and air injection pressure were positively correlated. Carcasses in chillers without air injection were in the opposite direction to the vector of absorption, indicating lower water absorption (Figure 1 ). Different authors have found these variables to be critical to the process of water absorption by the carcasses. The most important of the variables has been said to be the time of immersion (Young and Smith, 2004) , the intensity of stirring of water (air injection pressure) in addition to immersion time (James et al., 2006) , or the water temperature and the agitation of the water through the air injection (Carciofi and Laurindo, 2007) .
RESULTS AND DISCUSSION
Influence of Variables on the Water Absorption Process
There was no significant difference (P > 0.05) between the water absorption of intact chicken breast and breast with protein denaturation (white in color and hardened, caused by the temperature and time of scalding; Table 1 ). According to Klassen et al. (2009) , excessive heating in the scald causes denaturation of the proteins on the skin and muscle surface, forming a type of isolation between the water and the rest of the muscle, favoring water absorption by the chicken carcasses. However, this result was not observed in this study.
For the quality of the carcasses as a whole, the absorption values ranged from 5.70% in the carcasses without defects to 8.64% in carcasses that had some type of defect (Table 1 ). An increase of 51.58% (2.94 percentage points) was therefore observed in the water absorption of defective carcasses, with a significant difference (P < 0.05) among the samples.
The percentage of water absorption for each defect is shown in Table 2 . There were no significant differences (P > 0.05) among the parameters abdominal opening, dislocated leg, and torn skin. However, there was a significant difference (P < 0.05) between these defects and the water bubble.
Of the 720 carcasses assessed, 109 carcasses had some type of defect, and some had more than one defect in the same carcass. All carcasses that had a water bubble (27 carcasses) had another defect simultaneously. Of the carcasses with excessive abdominal opening, torn skin, and dislocated leg, 33.9, 17.6, and 12.5% respectively, presented a water bubble, indicating a greater correlation between abdominal opening and water bubble presence, which significantly affects the absorption of water by the carcasses. The bubbles are empty spaces that form under the skin of the chicken and allow the accumulation of water during the pre-cooling step by immersion. These are responsible for a high percentage of water absorption in poultry carcasses. Klassen et al. (2009) cite the abdominal opening as one of the factors that interferes in the process of water absorption in carcasses, corroborating the correlation found between the 2 in the present study.
To control these defects, it is essential that frequent adjustments and preventative maintenance be applied to the evisceration and plucking equipment, in order to prevent excessive opening of the abdominal cavity, tearing of the skin, and leg dislocation. The tears in the skin were even more pronounced when dermatosis (scratches) was observed on the carcasses, indicating the importance of the quality of the carcass that comes from the field to the slaughter.
Effects of Variables on the Water Absorption of Chicken Carcasses
The effect of residence time (min), air injection pressure (bar), and abdominal opening (cm) were measured using a 2 3 central composite design, where the absorption (%), dripping (%), moisture (%), protein (%), moisture/protein ratio, water activity, pH, and lipids (%) in poultry carcasses were analyzed (Table 3) . It was found that the highest water absorption, dripping, and moisture occurred in experiment 8, which had the maximum values of the independent variables. Equa- Table 3 . Matrix of the experimental design (coded and real values) and response of water absorption (%), drip (%), moisture (%), protein (%), moisture/protein ratio (M/P), water activity (Aw), pH and lipids (%) in the poultry carcasses. tion 1, 2, and 3 present the encoded models of the first order, describing the water absorption, moisture and dripping of chicken carcasses according to the independent variables (residence time, air injection pressure, and abdominal opening). The nonsignificant factors were added to the lack of fit for the analysis of variance. The models were validated by analysis of variance, which allowed the construction of contour curves (Figure 2 ). 
where X 1 = residence time (min); X 2 = air injection pressure (bar); X 3 = abdominal opening (cm). The contour curves illustrate the interactions between variables. The higher the air pressure, abdominal opening, and residence time, the higher the water absorption in chicken carcasses (Figure 2a) . The variables residence time and air pressure also positively affected (P < 0.05) the dripping of carcasses (Figure 2b) . The results also indicated that an increase in air pressure and the interaction between pressure and the abdominal opening cause an increase in the water activity of chicken carcasses (data not shown). There were no significant effects (P > 0.05) on protein, the M/P ratio, pH, or lipids.
However, it is noted that the main results of water absorption (7.81%) and dripping (5.47%) are close to the allowed maximum limit of 8% for absorption and 6% for the drip test (Brazil, 2013) . In this context, it was found that the parameters to be used to guarantee a percentage of absorption and drip test within legal limits are 60 min residence time, 0.5 bar of air injection, and 2 cm abdominal opening (Figure 2 ). Table 4 shows the percentage of accumulative water absorption and dripping for each collection point of carcasses in the pre-cooling system. There was a significant difference (P < 0.05) in water absorption among all collection points. When the percentage of water absorbed in each pre-cooling step was evaluated separately, it was found that the pre-chiller accounted for 3.20% of the total absorbed water, followed by 2.49% in chiller 1 and 1.28% in chiller 2. Regarding dripping, there was only a significant difference (P < 0.05) between the output of the pre-chiller and the other collection points. This result reinforces that the pre-chiller is the largest contributor to changing the parameters evaluated.
Validation of Parameters in Each Pre-Cooling System
Histological Characteristics
Qualitative analysis of the presence of water in the muscle of chicken meat was accessed by histological analysis. It was observed that at each stage of the pre-cooling system (pre-chiller, chiller 1, and chiller 2) there were differences in the organization of the fibers of chicken meat and in the distribution of water.
Regarding to Figure 3b obtained after the prechiller, skeletal muscle fibers and extracellular space are observed, showing structural changes that occur in the muscle during the process of water absorption, in relation to the muscle before the pre-chiller (Figure 3a) . Intense proliferation of cells was observed in the periphery of muscle fibers (arrows) with little connective tissue (#) and ample extracellular space ( * ). The photomicrograph obtained after chiller 1 (Figure 3c) shows skeletal muscle tissue with low cytoplasmic striation (arrows) and well-organized adipose tissue ( * ). Connective tissue between fat cells is also noted (#). In Figure 3d , obtained after chiller 2, it is observed that muscle tissue was thick and there were many peripheral nuclei, but with cytoplasmic striation (arrows). Connective tissue is sparsely distributed (#).
The most significant structural changes occurred in the pre-chiller where the temperatures of carcasses and water are higher, which contributes to greater absorption. In chiller 1, the structural changes in the muscles continued to occur although with less intensity. In the last stage (chiller 2), only small gaps between the fibers were visible. These structural changes corroborate the results shown in Table 4 , which show that most water absorption occurs in the pre-chiller.
The breast muscle, which consists of fibers and interfiber spaces (pores), initially contains a low amount of water. Under hydrostatic pressure, the water flow is controlled by the hydrodynamic mechanism and the pores are filled until there is saturation of the region close to the carcass surface. This saturation is identified by a decrease in the absorption rate. Thus, the water held in the pores starts to enter the muscle through internal migration governed by pseudo-diffusion (Carciofi and Laurindo, 2007) .
CONCLUSION
The best parameters to be used to guarantee a percentage of absorption and drip test within acceptable limits for chicken carcasses are a total residence time of 60 min (pre-chiller, chiller 1, and chiller 2), the aeration pressure of chillers at 0.5 bar, and abdominal openings of carcasses at a maximum of 2 cm. These parameters do not influence the protein, moisture/protein ratio, pH, or lipid content of the carcasses. The validation of the parameters and the histological analysis performed after each cooling stage show that the most significant structural changes occurred in the pre-chiller where the temperature of carcasses and water are higher, which contributes to greater absorption and possibly the carcasses did not exhibit significant structural changes in chiller 1 and 2 because the tissue has already absorbed to near maximum capacity in the pre-chiller.
